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T
he high cap abilities of cap i l l a ry electro p h o resis in both separation and detection have been well recognized. It allows high resolution separation with theoretical plate numbers often exceeding several hundred thousands and rep ro d u c i ble quantifi c ation by on-cap i l l a ry detection. In addition to these adva n t age s , c ap i l l a ry electrophoresis has a characteristic feature that it can easily be performed in free solution, i.e., it is usually carried out in a single phase usually of aqueous solution. Therefore, one can observe physical as well as chemical reactions occurring in a capillary prior to or during electrophoretic analysis. Thus, sample components can be converted to desired derivatives in a capillary, which can be separated from accompanying substances by an appropriate mode and detected by a suitable method. We have classified this kind of derivatization (in-capillary derivatization) into three types, and discussed the advantages and disadvantages of individual types [1] [2] [3] .
The present paper is a brief review including our recent papers of physical reaction between substances, taking protein/carbohydrate couples as model systems. The in-capillary technique is important, because it permits accurate estimation of associat i o n / d i s s o c i ation constants using minu t e amounts of substances in media similar to phy s i o l ogical fluids.
Experimental
Capillary electrophoresis was carried out mainly using an Applied Biosystems 270A apparatus, equipped with a vacuum injector and a UV detector. A roll of capillary (50 µm i . d. , 375 µm o.d.) was obtained from Po ly m i c ro Technologies (Phoenix, AZ, USA). Desired portions of this capillary were cut out from the roll and a window was made for each cut-out piece at the 50-cm position from one end. Each of them was installed onto the apparatus by fixing the window at the center of the light path in the detector. The capillary was flushed with 1 M sodium hydroxide for ample period of time before each series of measurements.
Sample solutions were introduced into a capillary by suction using the vacuum injector for specified periods of time from the anodic end, and analyzed at 30 ± 0.1 °C. Detection was performed by monitoring UV absorption at 220 nm.
Results and discussion

Interaction of proteins with acidic carbohydrates
When a protein sample is introduced to an electrophoretic solution containing an acidic carbohydrate and an electric field is applied, they interact with each other as illustrated in figure 1.
The velocity of electrophoretic migration (VEPM) of the protein sample in the presence of the carbohydrate additive (v p ) is increased by coupling to this negatively charged carbohydrate. As electroosmotic flow is concurrently flowing to the opposite direction, the value of v p is between the VEPM of the free protein sample (V p ) and the VEPM of the protein -acidic carbohy d rate complex (V p -a c ) , and can be expressed as follows [4] .
where α is the molar fraction of the complex. Since there is an equilibrium between a free protein and the complex,
where K p-ac is the association constant and C ac is the concentration of the acidic carbohydrate.
C o m b i n ation of equations (1) and (2), fo l l owed by replacement of velocity terms by migration times gives an important equation, as follows.
In equation (3) t and t 1 are the migration times of a protein sample in the presence and absence of an acidic carbohydrate as additive, respectively, and t 2 is the migration time of the complex, which can be estimated as the maximum m i gration time for suffi c i e n t ly high concentrations of the additive. Equation (3) implies that the plot of the reciprocal of (t -t 1 ) vs the reciprocal of C ac gives a straight line having a slope of
and the ordinate intercept of (t 2 -t 1 ) -1 . Therefore, K p-ac can be obtained as follows using the slope (a) and the intercept (b) of this line. Figure 2a shows an example of t vs C ac plot for a system composed of R i c i nus commu n i s h e m agg l u t i n i n ( R C A 6 0 ) (sample) -lactobionic acid (additive) system. RCA 60 to lactobionic acid gave a relative standard deviation value of 3.6% for n = 5. It requires only small amounts of sample. The minimum required amount of RCA 60 in this system was as small as 10 pg per injection. The amount of the acidic carbohydrate is larger, when the normal procedure is employed in which both a capillary and the electrode reservoirs are filled with the same buffer containing the same concentration of the acidic carbohydrate. Replacement of the electrode solutions in the reservoirs by mere buffer not containing the acidic carbohydrate reduces the amount of the acidic carbohydrate to a few thousandths. Thus, c.a. 5 µg of lactobionic acid was enough in this series of measurement. In stronger interacting systems the required amount of additive will be further reduced depending on the magnitude of affinity.
This method has an additional advantage that it is independent of sample concentration. This was experimentally verified.
Interaction of carbohydrates with neutral carbohydrates
The foregoing argument is directed to a system involving an acidic carbohydrate as additive. In most cases, however, carb o hy d rates are electri c a l ly neutra l , i . e. , h ave no electri c charge. In order to apply capillary electrophoretic measurement to such compounds, some devices are re q u i re d. We could conquer this problem by two ways; one by chemical conversion to acidic carbohydrates and the other by a competitive binding technique.
Introduction of ionic groups to neutral carbohydrates
There are a number of methods for pre-capillary derivatization of carbohydrates, such as 2-aminopyridine [6], ethyl 4-aminobenzoate [7] , isoindole [8] , and 1-phenyl-3-methyl-5-py ra zolone methods [9] . Most of them are based on re d u c t ive amination. Only the 1-pheny l -3 -m e t hy l -5 -py razolone method is based on another type of reaction (modified Knoeve n agel condensation). All these methods introduce either acidic or basic group(s) to a neutra l carbohydrate, but these groups absorb UV/VIS light or fluoresce strongly. For the studies of interaction, however, this absorbing and fl u o rescing pro p e rties are not we l c o m e, because the derivatives give high base line levels even at low concentrations and low signal to noise ratios. We have developed a method which proceeds rapidly under mild conditions and the derivatives neither absorb nor fluoresce in the UV/VIS regions (Fig. 3) .
This is based on dithioacetalation with 2-merc aptoethanesulfonate (MES) [10] . Two MES groups are introduced smoothly to the reducing end of each carbohydrate, simply by adding the sodium salt of MES to an acidic solution of a carbohydrate, and the derivative has strong negative charge due to the introduction of the sulfonate groups. After simple cleanup of the derivative by evaporation and gel filtration, the product can be used as an additive to an electrophoretic solution as obtained. The yield is quantitat ive by use of anhy d rous tri fl u o roacetic acid as re a c t i o n medium and by control of temperat u re at c.a. 25 °C. Po s s i ble degra d ation in the cl e a nup process can be minimized by performing this process at low temperature around 0 °C.
Estimation of the association constant of RCA 60 to MESlactose gave a value of 2.47 × 10 3 M -1 which is close to the association constant to lactobionic acid, demonstrating the reliability of this method of derivatization.
Competitive binding with acidic carbohydrates
Another method to make it possible to estimate the association constant of a protein to a neutral carbohydrate is competition of a neutral carbohydrate with an acidic carbohyd rate having a similar stru c t u re, as illustrated in fi g u re 4 [10] .
If we consider a system in which an acidic carbohydrate is added to a buffer solution to a fixed concentration and a neutral carbohydrate is further added to various concentrations, we can obtain equation (5) based on the same principle as that used for derivation of equation (3).
where t' is the migration time of the protein sample in the presence of the acidic carbohydrate at a fixed value of C ac and the neutral carbohydrate at varying C nc values. The term t 1 ' designates the migration time of the protein for a special case where the acidic carbohydrate is at the fixed C ac value but the neutral carbohydrate is not added (C nc = 0). The term t 2 ' is the migration time for another special case where the acidic carbohydrate is not added. K p-ac is the association constant of the protein to the acidic carbohydrate. Its value is supposed to be already known from preliminary experiments using the direct method mentioned above. K p-nc is the association constant of the protein to the neutral carbohydrate, which we are going to estimate using this ternary system. Equation (5) is rather complex as compared to equation (3), but there is also linearity for the (t 1 ' -t') -1 vs C nc -1 plot, and K p-nc can be obtained by equation (6) using the slope (a') and the ordinate intercept (b').
The obtained value of K p -n c for the RCA 6 0 -lactose -MES lactose system was 1.50 × 10 4 M -1 , which is in good agreement with the reported value obtained by the equilibrium dialysis method (1.5 × 10 4 M -1 ).
In order to confirm the reliability of the competitive binding method, the association constant of antithrombin III to heparin was measured by the direct method and the competitive binding method using a binary system (antithrombin III -hep a rin) and a tern a ry system (antithrombin IIIheparin -low molecular weight heparin), respectively, since heparin is a convenient object of both methods and low molecular weight heparin used as a competing ligand is considered to interact with antithrombin III in the same fashion as heparin. The experimental value of the association constant of antithrombin III to heparin obtained by using equation (3) was 1.10 × 10 7 M -1 . In the competitive binding method a low molecular weight heparin sample was added to the electrophoretic solution to a concentration of 1.0 × 10 -6 M and heparin was further added to the resultant solution to varying concentrations. The value of association constant of antithrombin III to heparin obtained by using equation (5) 
Conclusions
The association constant of a protein to an acidic carbohyd rate could be conve n i e n t ly estimated from the migrat i o n time difference of the protein added to an electrophoretic solution containing the acidic carbohy d rate from that not containing the carbohydrate. This method is not dependent on sample concentration. It allows reproducible estimation and requires only small amounts of the protein and the carbohydrate. When the carbohydrate has no electric charge, it should be converted to the MES derivatives, which are suitable objects of the estimation of the association constant by the above-mentioned direct method. Addition of an acidic carbohydrate, for example the MES derivative of the neutral carbohydrate to be examined, to the protein -neutral carbohydrate system is also a useful technique to estimate the binding constant to a neutral carbohydrate. The reliability of this competitive binding method was confirmed by comparing the obtained value for antithrombin III to hep a rin in competition with low molecular weight hep a ri n , with the value obtained by the direct method.
The systematic methods summari zed in this paper are confined to the cases where a protein is a sample and a carbohydrate is an additive in an electrophoretic solution. This situation can be reversed, though a problem arises that reproducible migration time cannot be obtained, if an uncoated fused silica capillary is used. Coating the inner wall of the c ap i l l a ry with a hy d rophilic polymer is essential. We describe the details of the reversed systems elsewhere.
